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Tuuuuu.tuu E.C.InrerexryarisosaHa rrporpaMHa cr4creMa An.rr rpoaKTr4BHoro

yupanniHH{ eKocl4creMolo vricra. - KeaniQixaqiftna HayKoBa npaqr Ha npaBax

pyKor[tcy.

lncepraqiq Ha s4o6yrrr cryneHr AoKropa Siloco$ii ga cneqianrnicrro 121

- IHxenepir lporpaMHoro sa6egue.reHHq - 3axi4Hoyrpaincrxnfi naqionasrcsufr,
:'.n

yuieepcurer, TepHonilr, 2026.

lli4roronra s4ificHron€rnacb Ha raQeapi xonru'rorepHr4x HayK

3axi4noyxpaiHcrxoro naqiou€urbHoro yHinepczrery Minicrepcrna ocsiru i Hayxz

VrpaiHz.

y Ar{ceprarlifinifi po6ori po3rnf,Hyro HayKo o-rrpuKnaAHe 3aBAaHHt

uiAslaqeHHr eQexrusHocri ynpanninHr eKocr4creMoro yp6anisoBaHr.rx repuropifi

IuJItxoM porpo6xu ceMaHTI,IqHr,rx rvro4elefi, uero4in ra iHrenexryarisoeaHoi

nporpauuoi cI4creMI4 p.nfl npoaKTr4BHoro crleHapHoro aualiay ra ortruMisarlii

posvri rqeHHr A)KepeJr rexHoreHHoro HaBaHTa)KeHHr.

V uepurovry pos4ini suxoHaHo reoperuqHe y3aralbHeHHr ra o6rpynryBaHHs

nilxo.qin 4o poapo6JleHHt inrenexryaris saHoi nporpal,nroi cucreMLr rpoaKrr4BHoro

yupanninHt eKocI4creMoro uicra 3a yMoB HeBu3Haqeuocri B AaHr,rx. Bcrauoaleno,

IrIo rpaAI4IIifiHe peaKrI4BHe ynpanniHnr (<post-factum>) e HeeSeKrr4BHr4M B yMoBax

ueriHifinux ra secrarlioHapHzx npoqecin ra rqinrnoi za6y4onu, ocriltrz
xapaKrepunyerbafl qacoBoro 3arpr4MKoro uix iurlzAeHroM ra pearqieio. lone4eno

Heo6xiAnicrr nepexo.4y Ao rrpoaKrrasHoi vo4eri, txa 6azyetbc{ Ha exolorivuorvry

uoAelronaHni Anfl ananiry cranin eKocr4creMr4 rrricra 3 Meroro uiAszrqeHHq

exororiquoi 6esnerr,r HacereHH.s.

flponeqeHo KoMrraparustnir aHaris Macis MareMarI'IrIHI4x uo.uelefi

sia roqKoBr,rx A)Kepen.[porHo3yBaHHf, po:ciroaaunr Aouiruox B arnaocQepi

Busuaueuo, uo rnfl 3aAaq oneparvBHoro crleHapHoro analisy, gxuit BHMara€

6araropa:oBllx po3paxyHrin y npnfinrruovry vaci, orrrr{M€rJrbHvrvtvre fayconi uo4eri,

3oKpeMa o6.IlacrloB€LrrbHe sApo AERMOD. BoHu ra6esneuyrom nafirparqufi 6atauc



irtix ro.IHicrro ra o6qzcrloBarrbHoro cxnaAuicrro, Ha ri4nriHy sia CFD ra Efileponux

rrlo4elefi, sxi € Ha4rr,ripHo pecypcoeMHr4Mz Infl onrvl4isaqifinux 3aAarr.

llpoaHani3oBaHo crpyKrypHy opraHiraqiro MoAynr AERMOD ra fioro cKJraAoBr{x

(AERMET, AERMAP, BPIPPzuME). lloxasaHo, rro fioro vro.qynruicrr ra

Sailnonnfi inrepQefic Ao3Bonrrorb inrerpynarrz fioro sx o6qucJrroB€urbHe qApo B

aBToMarr4sosaH i cr4creMr4 upuft nxr-ra pi rueu r.

. 3lificneHo Kpl4ru'frruir ornrA icHyrovux rrporpaMHutx saco6is: AERMOD

View, BREEZE AERMOD, SCREEN View. BusereHo Kpr4rr4rrHr4fi rexnolori.rHrafi

po3pl4B - icHyrovi uareru e naoHorirHzMr4 AecKTorrHLrMpr Ao1arKaMr,r, opieuronaHuMr

Ha crarl,ItlHIafi upoerruufi aHaris ra pyqHe BBeAeHHT AaHr4x. Bouu He MaK)Tb API lnq
iHrerpaqii s sosHiuruiuu pecypcaMr4 ra He ui4rpHvryrorb aBroMarr,r3oBauzfi qzrn

<nxi4Hi Aani - MoAenIoBaHHfl - piureH o. O6rpyHroBaHo, rqo nvpiureHHtr 3a1ar-

rIpoaKTI4BHoro ynpa riHHq MoxJrr4Be rrrJrrxoM pospo6neuus inrelerryanisosaHoi

[porpaMHoi cracreuu. BoHa Ma€ Bl4crytarur rK (opKecrparop), rUo aBToMarr43ye

po6ory MareMarzr{Horo flilpd,:a6esneuye 6esrrorHrafi o6rr,riH AaHr4MH ra pealisye

anropllrMu clleHapHoro anari:y, reperBoproror{r4 AERMOD Ha iHcrpyrr,renr

cI4creMV npufiutrtr piurenr. 3lificneHo rrocraHoBKy 3aBAaHb Ar4ceprarlifinoro

AocriAxesus.

V 4pyrovry posairi o6rpynroBaHo uepexi4 ni4 necrpyKrypoBanux, Qafilo-

opieuroeanzx po6oqrx rpouecin 4o Qopvranisosanoi KepoBaHoi sHaHHqMu ruo4eli,

qo e ueo6xiAuorc [epeAyMoBoro Anf, crBopeHHr iHrelexryarisosaHoi cucreuz

npoaKrI4BHoro ynparniuHr. llponeAeuzfi aHaris 4onir, qo rpaAlrrlifiHi niAxoAra Ao

s6epiraHHfl AaH:ax (Safitu, penrqiftni BD € ceMaHrr,rqno 6iAnuMr{, HerHyrrKr4Mr,r ra

ueb4aruzvtn e$exrznHo MoAenroBarr4 crla4ui, rereporeuui cyruocri uicrxoi

eKocl4creMr4, rrlo yHeMoxnr4 BJrroe aBToMarr,rsaqirc crleHapHoro ananisy.

Pospo6neHo ra o6rpyHroBaHo ri6pz4ny apxirer<rypy a6opy ra inrerpaqii

AaHlzX. fiaua apxirexrypa Br4Kopr4croBy€ oHrororiro UESO rK qeHrparruufi

ceMaHrlzquuir xa6, qo inr<ancynrce cxla4Hicrb rereporeHHr4x Axepen (AERMET,

BPIPPRM, KaAacrp o6'exrin renJroreHepaqii) ra ni4olcpeMrrroe lorixy sHaHr niA

s6epirannr apreQaxrin (QafirroBe cxonrarqe) ra reo-Aanzx (PostGIS).



CnpoexroBaHo AoMeHHy ourororirc UESO. Po:po6nena iepapxis rnacis

Qopuanirye He JII,ITIe Si:uvni o6'exru (4xepena ra peqerropra), ate ft, rffo.rosi

yupauiHcrri Ta o6qucmoeanrni cyrHocri, sa6esneqyrcr{r4 rrpu rlboMy

iHrepouepa6emHicrr qepe3 nacni4ynaHHr sia oHrororifi BepxHboro pinna

(SWEET, GeoSPARQL).

OopuanisoBaHo ocHoBr4 cueHapHoro ananisy. Ha 6asi onrolorii UESO

HaAaHo SopuanisoBaHe BI43HaqeHHr ABox ruuis npoaKTr4BHoro aHanisy:

oqiHroeartbHoro ra ouruMisaqifinoro cqenapiin. OqiHrosansHuir cqenapifi

SopnaanisoBaHo rK uonuHfi, caMoAocrarHifi Koprex, uo :a6esnevye

ni4rnoprosaHicrr eKcrrepr4MeHris (ulo-rKrrlo). Ouruui:auiiruuir cqenapifi

Qopvrani:oBaHo qK 3a4avry rou6iuaropnoi onruMisarlii, Anfl qroi Heo6xirno

3acrocoBy Barv MeraeBpecrv.rHi anropr4TMr4.

y rperboMy pos4ini po:po6neno MareMarrdr{Hy rrocraHoBKy sa4a.ri

rcorr,r6iHaropnoi ouruMisaqii posvriuleHH AXepeJr aHrponoreHHoro sa6pyAneHHx,

3oKpeMa o6'exrie relrJloreHepaqii BpaxoByrotw za6yqony vricra. Ha ni4uiHy ni4

KJIacI4.IHLIX reoMerpr4r{Hux 3aAaq posrraiuleHHs, 3arrponoHoBaHrzfi nilxia BpaxoBye

cyreprlo3trqiro norie xoHqeHrpaqifi B roqKax-peqerrropax ra Br,rKopr4croBye

MoAenb AERMOD Anfl o6.rracreHH.s qimonoi Syurqii. Atn rapaHTyB a:rrHfl.

AorpI4MaHHq eKoJro i.{Hrax craH4apria qinrona SyHrqia, Iqo BpaxoBye iHAexc

sxocri nonirpr, vro4uQixoBaHa MeroAoM urrpa$nzx Qynxqifi, qo Ao3Bome

viuil,tisynarl,I MaKc watrcruuir pr{3rrK rrepeBr4rrleHHq fIK y ror{Kax-peqerropax.

llepexi4 Ao Al4cKperHoro npocropy rorxyKy Ao3Bonr,rB yHr{KHyrr4 upo6nela

JloKanbHr4x rvrinivryvrin, xapar<repHr4x Anr HenepepBHr4x Synrqifi .

' AAanroBaHo MeraeBpr,rcruqsi €Lnropr4TMr4 (reuerHvnufi €urropt'trM,

AH0rperuzfi ueroA poro qacroK, AracKpernuir €urropr4rM 6AxolzHoi rononii) anr

nzpirueHnfl,3a aq Ar4cKperHoi onuzrrrisarlii SirconaHoi po:nripuocri. Po:po6neHo ra

pearironano y Qpefiunopxy DEAP rpu yniQixonaHi oreparopt't:

Create Random Solution0, Random_Swap0 ra Targeted_Swap0, rqo Ao3Bonr4no

yni$irynaru nporpaMHy peanisaqiro pirrr4x eBpr.rcrt4K ra rapaHryBaru nati1uicrr

piruenr.



3anpouoHoBaHo MeroA inrerexryarisonaHoro nu6opy crparerii onrunriaaqii,

sxuir 6asyerrcr Ha aHarigi crnaAsocri saAaqi. BeeleHH{ noporia crla4Hocri ra

vracurra6y Ao3Bonse cacreui aBToMarr4q o flepeM:aKarvcfl Naix uosHrtrr,r uepe6opoM

(,uu rpunialrnlax ea4av), D-PSO (.unr sa4aq raKrr4rrHoro pinna) ra D-ABC (anr

crparerivHllx 3aAarl BI{coKoi poauipHocri). I{e :a6esreqye 6atauc ivrix .racoNa

orplaMaHHt piurennr ra rapauriero fioro orrrr4M€urbHocri B yMoBax eucoroi

o6.IlacrrosanrHoi naprocri 3BepHeHb Ao MoAynq AERMOD. llponeAeHo anpo6aqiro

MeroAy Ha npnrna4i posiraiqeuHr rpbox KoreHepaqifinux ycraHoBoK y M.

Tepnouinr. Excnepuueur rIoKa3aB, rqo rreHTpanbHa qacrr4Ha vrixpopafiony €

ercorori.IHo rlepeBaHraxeHoro qepe3 szcoxufi Sononzfi piaeHr sa6pylnenHq. Ha

ocHoni MeroAy BI43HaqeHo oIITI4MaJrbHy crpareriro AerleHTp€rnisaqii xpuruvuoi

iH$pacrpyKrypl{ rellJroreHepaqii, 3arrporroHyBaBrxr4 posrrai eHHq, ulo Ao3Bonr€

vininrisyearn BnJrr4B Ha )KrlTJroey sa6yaoBy ra HaBrr€rrrbHi sarraAra.

y rlerBeproMy pos4ini cnpoeKroBaHo rHyrrKy cepnic-opienronany

apxirexrypy nporparr,troi cl4creMr4, KJrrorroBHM eJreMeHroM sr<oi e pospo6ra

cneuianisoBaHl4x cepricin-o6roprox. I-{e 4o:noJr?rJro ycniruno iHrerpynau4 sApo

perynf,ropnoi uoAeri AERMOD y cyqacHe ne6-cepe4oBr4rrle, sa6esne.rr4errH

aBroMarl4gallirc rloBHoro rlr4Kny po3paxyHxie 6es neo6xiAHocri pyunoro BrpyqaHHt

B KoHcoJnni upoqecu. PosropraHHr cr,rcreMz B KJracrepi Kubernetes rapaHTye

AzHa\li.IHe uacurra6yBaHHf, o6.rracrroBaJrbHzx pecypcia npu spocranni

HABAHTA)KEHH'.

Tarox nporpaMHo peaniaoBaHo ni4cracreuy :6epexeHHr 4larax Ha ocHosi

ri6pz4noi uoAeni. lIoeAHaHHr ceMaHrrrqHoro cxoBr4rrla (4nr oHronorii UESO),
v..-peuqifinoi 6a"sz AaHr4x 3 po3rxr4peHH.rrM PostGIS (Anx reorvrerpii) ra o6'er<rHoro

Safinororo cxoBr{rrla ga6esneqraro peaniaaqiro xouqeuqii <e4rauoro Axepena

icrHnu>. Taxuir niaxia sa6e:neuye cunxponisaqirc ralux ra Ao3Bon{e

aBToMarI4.IHo eaniAyBarv cqeHapii MoAenroBaHHq rrle Ao [oqarKy pecypcoeMHr4x

po:paxyHrin.

Pospo6neHo inreparrznuufi ne6-iHrepQefic Kopt'tcryBa.ra ig 3acrocyBaHH-sM

UX-uarepnin, cnptMoBaHr.rx Ha 3HHXeHHT xoruirznnoro HaBaHTaxeHHf, Ha



KoprlcryBar{a. Pe€uisoaaHi iHcrpyrr,reHru ni:yarisaqii (reunori Kaprr.r 3a6pyAHeHHfl,

isoriHii, inrepaxrunni urapz sa6y.uonra) Aoseorqrorb orreparvBHo iHrepnperyBa'rv

pe3ynbrarl4 MoAeJIroBaHHr ra npnfiuarra o6rpynrosaHi ynpanniHcrri piureHH.s 6es

neo6xi4nocri uu6oxoro ananiry reKcroBr4x gsiris. Pe:ylrrarz

HaBaHTa)KyBanbHoro recryBaHHr gacsiA.{zrra cyrr€Be uiAnuqeHHq

npoAyKTznsocri : 3aBA.sKI4 aBToMarl4sarlii ui4roronr kr AaHux ra po3naparreJreHHro

o6qucleHb qac orpI4MaHHt po3paxyHKoBoro cqeHapiro cKopoqeHo 3 roAr.rH (np"

pyrlHoMy pexuui) Ao xBl4nr{u (y 24 pa3r4), rqo po6urb cr.rcreMy rrpr4AarHoro Ant

orleparl4BHofo ra rHyqKoro ynpaBninn.s.

V sncHoer<ax cQ opMynboBaHo ocHoBHi p*ynrr arv Ar4eepraqift Hoi po6 orra.

Krrcqosi c.nona: iurerexryarigonaHa nporpaMHa cr4creMa, apxirexrypa

[porpaMHoro sa6esneqeHHq, nporpaMHe sa6esne.{eHHs, MareMaruarHe

MoAenIoBanHfl., MareMarr4qHa MoAeJrb, neninifini necraqiouapni flpoqecr4,

eroloriqne MoAeJIIoBaHHfl, nporHo3yBaHHr, HeniHifiHi sa4aui, i4eHrr,rQiraqia,

.Ilacroei MeroALr, TorrKoBe AxepeJro, o6qucmosansnruir MoAyJIb, otttolrotir,

onrzrraisaqifiHa 3a4av'a, MeroAr4 ouruMigaqii, qinrona SyHr<qi-a, ueraeepzcruvHi

€uIropI,ITMI4, KpLtrr,rrrHa iuQpacrpyKTypa, TerrJroreHepyrovi o6'exru, npoaKTr4BHe

yupanninHf,, eKocr4creMa uicra, sa6pyaHeHHr arMoc$epa, HeBr43Haqenict AaHr,rx,

cl{creMa uigrpzvmr,r piurenr.
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ANNOTATION

Tymchyshyn B'5. Intelligent software system for proactive urban ecosystem
management. - Scientific work on the rights of the manuscript.

Thesis for the degree of Doctor of Philosophy in the specialty r2l - Software
Engineering - west ukrainian National university, Terno pir,2026.

The research was carried out at the Department of Computer Sciences of the
West Ukrainian National University, Ministry of Education and Science of Ukraine.

The dissertation addresses the scientific and applied task of improving the
efficiency of managing the ecosystem of urbanized territories by developing semantic
models, methods, and an intellectualized software system for proactive scenario
analysis and optimization of the placement of sources of technogenic load.

The first chapter provides a theoretical gener alization and substantiation of
approaches to developing an intellectualized software system for proactive urban
ecosystem management under conditions of data unceftainty. It is established that
traditional reactive management ("post-factum") is ineffective under conditions of
non-linear and non-stationary processes and dense building development, as it is
characterizedby a time delay between the incident and the response. The necessity of
transitioning to a proactive model, which is based on ecological modeling for
analyzingthe states ofthe city's ecosystem to enhance the environmental safetv ofthe
population, is proven.

A comparative analysis of classes of mathematical models for forecasting the
dispersion of impurities in the atmosphere from point sources was conducted. It was
dqtermined that for tasks of operational scenario analysis, which require multiple
calculations within an acceptable time frame, Gaussian models, particularly the
AERMOD computational core, are optimal. They provide the best balance between
accuracy and computational complexity, unlike CFD and Eulerian models. which are

excessively resource-intensive for optimization tasks. The structural organization of
the AERMOD module and its components (AERMET, AERMAP, BpIppRIME) is
analyzed.It is shown that its modularity and file interface allow for its intesration as



a computational core into automated decision support systems.

A critical review of existing software tools (AERMOD View, BREEZE
AERMOD, SCREEN View) was carried out. A critical technological gap was

identified: existing packages are monolithic desktop applications oriented towards

static project analysis and manual data entry. They lack APIs for integration with
external resources and do not support an automated "inpu t data- modeling - solution,,

cycle. It is substantiated that solving proactive management tasks is possible by
developing an intellectualized software system. This system should act as an

"orchestrator" that automates the operation of the mathematical kemel, ensures

seamless data exchange, and implements scenario analysis algorithms, transforming
AERMOD into a decision support system tool. The objectives of the dissertation

research were formulated.

The second chapter substantiates the transition from unstructured, file-oriented

workflows to a formalized knowledge-driven model, which is a necessary prerequisite

for creating an intellectualized system of proactive management. The analysis proved

that traditional approaches to data storage (files, relational databases) are semantically

poor, inflexible, and incapable of effectively modeling the complex, heterogeneous

entities of the urban ecosystem, making the automation of scenario analysis

impossible.

A hybrid architecture for data collection and integration was developed and

substantiated. This architecture uses the LIESO ontology as a central semantic hub

that encapsulates the complexity of heterogeneous sources (AERMET, BpIppRM,
cadastral data of heat generation objects) and separates knowledge logic from artifact
stbrage (file storage) and high-perforrnance geodata (postGIS).

The I-IESO domain ontology was designed. The developed class hierarchy

formalizes not only physical objects (sources and receptors) but also key management

and computational entities, while ensuring interoperability through inheritance from
upper-level ontologies (SWEET, GeoSpAReL).

The foundations of scenario analysis were formalized. Based on the UESO
ontology, a formalized definition of two types of proactive analysis was provided:



evaluation and optimization scenarios. The evaluation scenario is formali zed as a
complete, self-suffrcient tuple ensuring the reproducibility of "what-if' experiments.

The optimization scenario is formalized as a combinatorial optimization problem,

which requires the application of metaheuristic algorithms.

The third chapter develops the mathematical formulation of the combinatorial

optimization problem for placing sources of anthropogenic pollution, specifically heat

generation objects, taking into account city buildings. Unlike classical geometric

placement problems, the proposed approach considers the superposition of
concentration fields at receptor points and uses the AERMOD model to calculate the

objective function. To guarantee compliance with environmental standards, the

objective function, which takes into account the air quality index, is modified by the

penalty function method, allowing for the minimization of the maximum risk of
exceeding the Maximum Permissible Concentration GvfPC) at receptor points. The

transition to a discrete search space allowed avoiding the problems of local minima

characteristic of continuous functions.

Metaheuristic algorithms (Genetic Algorithm, Discrete particle Swarm

Optimization, Discrete Artificial Bee Colony algorithm) were adapted for solving

discrete optimization problems of fixed dimensionality. Three unified operators were

developed and implemented in the DEAP framework: Create_Random_Solution0,

Random_SwapO, and Targeted_SwapO. This allowed for uni$ring the software

implementation of various heuristics and guaranteeing the validity of solutions.

A method for the intellectualizedselection of an optimization strategy based on

problem complexity analysis is proposed. The introduction of complexity and scale

tliesholds allows the system to automatically switch between full enumeration (for
trivial tasks), D-PSO (for tactical level tasks), and D-ABC (for strategic tasks of high

dimensionality). This ensures a balance between the time to obtain a solution and the

guarantee of its optimality under conditions of the high computational cost of calls to

the AERMOD module. The method was tested on the example of placing three

cogeneration units in Ternopil. The experiment showed that the central part of the

microdistrict is environmentally overloaded due to a high background pollution level.



Based on the method, an optimal strategy for the decentralizationof critical heat

generation infrastructure was determined, proposing a placement that minimizes the

impact on residential buildings and educational institutions.

The fourth chapter details the design of a flexible service-oriented architecture
(SOA) for the software system, a key element of which is the development of
specialized wrapper services. This allowed for the successful integration of the

regulatory AERMOD kernel into a modem web environment, ensuring the

automation of the full calculation cycle without the need for manual intervention in
console processes. Deploying the system in a Kubernetes cluster guarantees the

dynamic scaling of computational resources as the load increases.

A data storage subsystem based on a hybrid model was also software-

implemented. The combination of a semantic repository (for UESO ontology), a

relational database with PostGIS extension (for geometry), and object file storage

ensured the realization of the "Single Source of Truth" concept. This approach ensures

data synchronization and allows for the automatic validation of modeling scenarios

even before the start of resource-intensive calculations.

An interactive web user interface was developed using UX patterns aimed at

reducing the cognitive load on the user. Implemented visualization tools (pollution
heatmaps, isolines, interactive building layers) allow for the operational interpretation

of modeling results and the making of substantiated management decisions without
the need for deep analysis of text reports. Load testing results demonstrated a
significant increase in performance: thanks to the automation of data preparation and

parallelization of calculations, the time to obtain a calculation scenario was reduced

frbm hours (in manual mode) to minutes (by 24 times). making the system suitable

for operational and flexible management.

The conclusions formulate the main results of the dissertation work.
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mathematical modeling, mathematical model, nonlinear non-stationary processes,

environmental modeling, forecasting, nonlinear problems, identification, numerical



methods, point source, computational module, ontology, optimization problem,

optimization methods, objective function, metaheuristic algorithms, critical
infrastructure, heat-generating objects, proactive management, urban ecosystem,

atmospheric pollution, data uncertainty, decision suppon system.
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